The chloroplast, as the photosynthetic organelle of plants, plays a crucial role in plant development. Extensive studies have been conducted on chloroplast development; however, the related regulatory mechanism still remains elusive. Here, we characterized a mutant with defective chloroplasts in Arabidopsis, termed pigment-defective mutant3 (pdm3), which exhibits a distinct albino phenotype in leaves, eventually leading to pdm3 seedling lethality under autotrophic growth conditions. Electron microscopy demonstrated that the number of thylakoids was reduced and the structure of those thylakoids was disrupted in the pdm3 mutant, which eventually led to the breakdown of chloroplasts. Sequence analysis showed that PDM3 encodes a chloroplast protein consisting of 12 pentratricopeptide repeat domains that belongs to the P subgroup. Both confocal microscopic analysis and immunoblotting in the chloroplast protein fraction showed that PDM3 was located in the stroma. Furthermore, analysis of the transcript profiles of chloroplast genes revealed that plastid-encoded polymerase-dependent transcript levels were markedly reduced, while nuclear-encoded polymerase-dependent transcript levels were increased in pdm3 mutants. In addition, we found that the splicing of introns in trnA, ndhB, and clpP-1 is also affected in pdm3. Taken together, we propose that PDM3 plays an essential role in chloroplast development in Arabidopsis.
Introduction
The complex process of chloroplast biogenesis is temporally and spatially controlled by a series of genes in the plastid-nucleus two-way signaling pathway. In this pathway, the coordination between the plastid and nuclear genes is considered to be a crucial step in determining the nature of chloroplast biogenesis (Mandel et al., 1996; Gutiérrez-Nava et al., 2004; Pyke, 2007; Chi et al., 2013) . The disruption of any step in the chloroplast biogenesis pathway may lead to leaf discoloration, reduced seedling viability, impaired plant development, and even mortality. A comprehensive data set of 119 nuclear genes encoding Arabidopsis chloroplast proteins associated with embryo development was established by querying the literature and the SeedGenes database (Tzafrir et al., 2004; Bryant et al., 2011) . These genes were then divided into three major groups according to their probable functions and one subgroup included the factors required for the expression of the chloroplast genes.
The chloroplast is a semiautonomous organelle with limited coding information for components including plastid transcriptional/translational machinery and the photosystem (Leister, 2003) . The temporal-spatial expression of chloroplast-encoded genes is important for chloroplast development and the maintenance of chloroplast functions. In higher plants, the chloroplast genome contains about 120 genes, which are typically organized in polycistronic transcription units (Sugita and Sugiura, 1996; Sato et al., 1999) . Accumulating data have revealed that the development of a functional chloroplast is related to the coordinated expression of two groups of genes: nuclear-encoded polymerase (NEP) transcribed genes and plastid-encoded polymerase (PEP) transcribed genes (Hedtke et al., 1997; Yu et al., 2014) . The timed expression of photosynthetic genes is dependent on an increase in PEP transcription activity during chloroplast development (Baumgartner et al., 1993) .
In fact, the chloroplast proteome consists of several thousand proteins and most of the proteins required for organellar biogenesis and function are encoded in the nucleus and targeted to the organelle (Bryant et al., 2011) . The role of nuclear-encoded factors in the PEP complex related to the biogenesis of the photosynthetic apparatus has been studied intensively in recent years (reviewed in Barkan and Goldschmidt-Clermont, 2000; Pfalz et al., 2006; Steiner et al., 2011; Pyo et al., 2013; Du et al., 2017) . Most loss-offunction mutants in these regulatory proteins are seedlinglethal and show albino or pale-green phenotypes. However, while numerous studies have addressed the function of these regulatory proteins in plastid gene expression, the mechanism of their regulation has not yet been fully understood.
Recently, many chloroplast-localized pentatricopeptide repeat (PPR) proteins have emerged as primary nuclear factors that are involved in chloroplast gene expression and RNA metabolism in higher plants. PPR proteins are defined by tandem repeats of a degenerate 35 amino acid motif (Small and Peeters, 2000) . The PPR family is one of the largest protein families in plants; it contains 450 and 477 PPR proteins in Arabidopsis and rice, respectively. The PPR protein family is divided into two subfamilies, P and PLS. The majority of the P subfamily members consist of one or more tandem arrays of P motifs, and a few contain additional motifs, such as the PPR small MutS-related protein (Liu et al., 2013) . In contrast, PLS-class proteins, originally termed plant combinatorial modular proteins, contain characteristic triplets of P, L, and S motifs, where L motifs are 35-36 amino acids and S motifs are 31 amino acids, each with specific patterns of amino acid conservation that distinguish them (Lurin et al., 2004) . The PLS subfamily is further subdivided into four subgroups, including PLS, E, E + , and DYW, according to the variable tandem repeat non-PPR motifs at the C terminus (Lurin et al., 2004; Liu et al., 2013) .
PPR proteins have been found to play a central and broad role in modulating the expression of organellar genes. For example, the Arabidopsis delayed greening1 (dg1) and yellow seedling1 (ys1) mutants display seedling-stage-specific albino and yellow seedling phenotypes, respectively. Both DG1 and YS1 encode chloroplast-targeted PPR proteins and YS1 has been shown to be required for editing of rpoB transcripts (Chi et al., 2008; Zhou et al., 2009) . Seedling Lethal1 (SEL1), a pentatricopeptide repeat protein lacking an E/E + or DYW domain in Arabidopsis, was proved to be involved in the regulation of plastid gene expression that is required for normal chloroplast development (Pyo et al., 2013) . Maize PPR4 (ZmPPR4) is a chloroplast-targeted protein harboring both a PPR tract and an RNA recognition motif that can facilitates trans-splicing of chloroplast rps12 pre-mRNA (Schmitz-Linneweber et al., 2006) . ZmPPR10 binds to its native binding site in the chloroplast atpI-atpH intergenic region, stabilizes RNA, and activates translation (Pfalz et al., 2009; Prikryl et al., 2011) . The pentatricopeptide repeat protein EMB2654 is essential for trans-splicing of a chloroplast small ribosomal subunit transcript by binding in an early step during the formation of a large protein-RNA complex and covering the free ends of the two rps12 intron halves (Aryamanesh et al., 2017) .
The molecular functions of only a small fraction of PPR proteins have been precisely characterized, whereas the functions of the vast majority remain largely unknown. Previously, we reported PDM2, which encodes a PPR protein and functions in the regulation of chloroplast development and plastid gene expression (Du et al., 2017) . In this study, we identified a novel Arabidopsis mutant with defective accumulation of photosynthesis pigments and isolated the affected gene, PDM3, which encodes a PPR protein targeted to the chloroplast. Subsequent genetic and molecular analyses showed that PDM3 is involved in the early stages of chloroplast development and plastid gene expression.
Materials and methods

Plant materials and growth conditions
The Arabidopsis (Arabidopsis thaliana) pdm3 mutant (SAIL_14_ A10; ecotype Columbia) was obtained from the Arabidopsis Biological Resource Center. The pdm3 mutant and wild-type plants were grown on half-strength MS medium (Murashige and Skoog, 1962) containing 1% sucrose and 0.8% agar at 22 °C with a photon flux density of 100 μmol photons m −2 s −1 in a 14:10 h light:dark photoperiod. The homozygous mutant line was identified by PCR using primers LP (5′-CCGTGTGCAATATCAAACTG-3′) and RP (5′-GGTTGTCGGATAAATCGGTA-3′). The T-DNA insertion was verified by PCR followed by sequencing using primers LB1 (5′-GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC-3′) and LP.
As for the generation of FLAG-tagged PDM3 complementation lines, we cloned the DNA sequence that combined the PDM3 cds sequence without a stop codon and the FLAG sequence into the pSN1301 binary vector under the control of the cauliflower mosaic virus 35S promoter. After verification by sequencing, the construct was transformed into Agrobacterium tumefaciens strain EHA105 and introduced into heterozygous pdm3 plants by the floral dip method (Clough and Bent, 1998) . Transgenic plants were selected on half-strength MS medium containing 50 mg L −1 hygromycin, and successful complementation was confirmed by recovered phenotype and PCR analysis. The PCR primers for complementation are given in Supplementary Table S1 at JXB online.
Chlorophyll content, total protein preparations and immunoblot analysis
For measuring the chlorophyll content, leaves from 2-week-old Arabidopsis seedlings were collected. The chlorophyll was extracted in 80% acetone and quantified on a UV2800 spectrophotometer (Unico Instruments Co., Ltd, USA). In immunoblot analysis, the total proteins were extracted from 2-week-old Arabidopsis leaves, and the protein concentrations were determined using a Bio-Rad detergent-compatible colorimetric protein assay. After electrophoresis, the proteins resolved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) were transferred to nitrocellulose membranes and incubated with specific antibodies, and the signals were visualized using the enhanced chemiluminescence method. For photosynthetic protein, aliquots of 15 μg (wild-type), 7.5 μg (one-half wild-type), 3.75 μg (one-quarter wild-type), and 15 μg (pdm3) of total protein, and for the RpoB protein, 100 μg (wild-type) total proteins were loaded. The membranes were incubated with specific primary antibodies, and the signals from secondary conjugated antibodies were detected using the enhanced chemiluminescence method. X-ray films were scanned using an AlphaImager 2200 documentation and analysis system (Alpha Innotech Corp., San Leandro, CA, USA). The antibodies were used in immunoblot analysis according to Du et al. (2017) and the RpoB antibody was purchased from Agrisera Co. (Vännäs, Sweden; 2017) .
Nucleic acid preparation, reverse transcription PCR and quantitative real-time PCR analysis
Total RNA was isolated from whole 3-week-old seedlings with TRIZOL Reagents (Life Technologies, Berlin, Germany), followed by treatment with RNase-free DNase I (Tiangen, Beijing, China) at 37 °C for 1 h to degrade genomic DNA. Treated RNA samples (1 μg each) were used as templates for first strand cDNA synthesis (Invitrogen, Carlsbad, CA, USA). The resulting cDNAs were then subjected to PCR amplification using gene-specific primers. To examine the expression of chloroplast genes, quantitative real-time reverse transcription (RT) PCR analyses were performed according to Du et al. (2017) . In the analysis of the PDM3 expression pattern, total RNA was extracted from roots, leaves, stems, buds, flowers, and siliques of 7-week-old plants and 3-day-old whole seedlings. Three independent experiments were repeated using Actin11 as an internal control. The primer sequences used in real-time PCR analysis are described in Pyo et al. (2013) . RT-PCR was applied to analyse the splicing of chloroplast introns in both wild-type and pdm3 plants; the primer sequences used in splicing analysis are described in Zhang et al. (2015) .
RNA sequencing
Total RNA was isolated separately from the pdm3 mutants and wildtype plants using a TRIzol kit (Invitrogen), and cDNA libraries were generated using the NEBNext® UltraTM RNA Library Prep Kit for an Illumina® device (New England Biolabs, Ipswich, MA, USA). Then the libraries were sequenced on an Illumina Hiseq 2000 platform. Clean data were obtained by removing reads containing the adapter, reads containing ploy-N, and low-quality reads from the raw data. All of the downstream analyses were based on clean, high-quality data. The number of mapped clean reads for each unigene was calculated and normalized to the number of reads per kilobase per million clean reads (RPKM) (Mortazavi et al., 2008) . Genes with the |log2 (fold change)| > 1 (q-value < 0.005) were considered as differentially expressed between two libraries (Anders and Huber, 2010) .
Northern-blot analysis
Total RNAs were extracted, fractionated, and transferred onto nylon membranes, which were probed with 32 P-labeled cDNA probes. Following high-stringency hybridization and washing, all of the blots were exposed to x-ray film for 1-3 d. The hybridization probes were prepared using a random priming labeling kit (Promega Corp., Madison, WI, USA) with the PCR fragments of encoding regions of target genes.
Subcellular localization of green fluorescent protein
A fragment encoding the N-terminal 1-198 amino acids of PDM3 was amplified and subcloned into the pUC18-35s-sGFP vector to generate a fusion protein with green fluorescent protein (GFP) as a reporter in the C terminus. The resulting fusion constructs were transiently introduced into the protoplasts of wild-type Arabidopsis. The GFP signals in the examined samples were visualized using a confocal laser-scanning microscope (LSM510; Carl Zeiss, Jena, Germany). The primer sequences are listed in Supplementary  Table S1 .
Chloroplast isolation and fractionation
Chloroplast isolation assays were performed as described previously (Aronsson and Jarvis, 2002) with the following modifications. Briefly, 3-week-old Arabidopsis plants were homogenized in isolation buffer (0.33 M sorbitol, 5 mM MgCl 2 , 5 mM EGTA and 5 mM EDTA, 50 mM HEPES-KOH pH 8.0, and 10 mM NaHCO 3 ), filtered through Miracloth, and centrifuged for 1 min at 1000 g. The pellets were resuspended and loaded onto Percoll step gradients (40 and 70% in isolation buffer); then chloroplasts were collected and washed twice with import buffer (50 mM HEPES-KOH, pH 8.0, 3 mM MgSO 4 , and 0.33 M sorbitol). Intact chloroplasts were fractionated into the outer and inner envelope, stromal and thylakoid membrane fractions as described previously (Du et al., 2017) .
Light and electron microscopy
To examine the development of the embryos, ovules from different developmental stages were treated with a clearing solution of chloral hydrate, water, and glycerol (8:2:1, v/v) for 12 h. The developing embryos were then analysed under a Nomarski microscope (Leica DM 2500, Japan). Sections of leaf tissue were prepared for electron microscopy as previously described . Briefly, Arabidopsis leaf tissue was fixed with glutaraldehyde followed by osmium tetroxide and dehydrated in an ethanol series before being infiltrated with Spurr's resin. Polymerization was conducted at 70 °C for 8 h. Specimens were sliced to yield ultra-thin sections (LKB-8800, LKB, Broma, Sweden) and stained with uranyl acetate and alkaline lead citrate before being examined with a JEM-100S transmission electron microscope.
GUS staining analysis
The homozygous T4 generation pPDM3::GUS transformants was used for β-glucuronidase (GUS) staining analysis. The GUS staining was carried out as described by Yuan et al. (2008) . The samples were observed under an Olympus SZX12 stereomicroscope (Olympus, Tokyo, Japan) and photographed using a digital camera. The primer sequences used in this analysis are listed in Supplementary Table S1 .
Results
Phenotype of the pdm3 mutant
To identify factors required for chloroplast development, we screened an Arabidopsis T-DNA insertion mutant library and obtained the knock-out transgenic lines for several genes, the products of which are targeted to chloroplasts (Du et al., 2017) . One T-DNA insertion line (SAIL_14_A10) of the gene AT5G39980, designated as pigment-defective mutant3 (pdm3), displayed low accumulation of photosynthetic pigments, and was therefore further investigated in detail. The sequencing of T-DNA flanking sequences has shown that this insertion mutant line carries an insert that lies 96 base pairs downstream of the translation initiation codon (Fig. 1A) . The plants that were homozygous for pdm3 only survived for roughly 1 week when grown in the soil (data not shown). When supplemented with sucrose as a carbon source, some pdm3 albino plants could grow to develop flower bud-like structures, but these flower buds never grew to maturity before the plant died (Fig. 1B, C) . Since the level of chlorophyll is one of the most important indicators of the change of leaf color, we evaluated the changes in chlorophyll content in the pdm3 mutant. Consistent with the albino leaf phenotype, the chlorophyll content was reduced significantly in pdm3 when compared with the wild-type (Fig. 1D) .
The expression of PDM3 was completely suppressed in the homozygous mutant, as determined by reverse transcription PCR analysis (Fig. 1E) . To confirm that the phenotype of the pdm3 mutant was caused by the T-DNA insertion in the At5g39980 gene, we complemented the pdm3 mutant with the full-length coding region of the PDM3 gene with a FLAG tag at its C terminus. The complementation analysis confirmed that inactivation of this gene was responsible for the phenotype of the pdm3 mutant (Fig. 1B, E) . Results of western blotting showed that a protein located at about 60-80 kDa, which was consistent with the predicted size of the FLAG-tagged PDM3, was detected by using a FLAG antibody only in the transgenic lines. The presence of the tagged PDM3 coupled with the complementation of the phenotype indicated that the PDM3-FLAG is a functional protein (Fig. 1F) . These results confirmed that the pdm3 albino phenotype was caused by a loss-of-function mutation in the PDM3 gene.
Plastid development in pdm3
Because the pdm3 mutant showed an albino phenotype, we performed electron microscopy to investigate the development of chloroplasts in the pdm3 mutant. With light conditions of 100 μmol photons m −2 s −1
, chloroplasts in wild-type plants were crescent-shaped and contained well-developed thylakoid membranes consisting of both stroma and grana thylakoids ( Fig. 2A, B) . In contrast, plastids in pdm3 did not develop into normal mature chloroplasts, and the internal membranes were poorly stacked and could not be differentiated into normal grana and stroma thylakoids like those observed in mature chloroplasts in the wild-type (Fig. 2C, D) .
To further investigate the effects of the pdm3 mutant in chloroplast development, we analysed the protein profiles of this mutant with immunoblot analyses. The abundance of proteins involved in photosynthesis, including D1 and CP47 of PSII (encoded by psbA and psbB), a 33-kDa protein of the oxygen evolving complex (PsbO), Cyt f, the subunit of Cyt b 6 /f, the β-subunit of the ATP synthase (CF1β), PSI core subunits PsaA/B, PsaN and PsaC, and the subunits of the chloroplast NDH (NdhH), were all markedly reduced in pdm3 mutant (decreased by 3-15% when compared with that of the wild-type; Fig. 2E, F) . Hence, immunoblot analysis showed a severe defect in the accumulation of chloroplastencoded proteins in pdm3. The content of some representative subunits of these complexes significantly decreased in the pdm3 mutant, indicating that PDM3 extensively influenced the accumulation of thylakoid proteins. Taken together, these findings demonstrated that the albino leaf phenotype of the pdm3 mutant was probably caused by the disruption of chloroplast biogenesis.
Embryogenesis was affected in pdm3
Our previous study reported that plastids play an important role in plant development (Du et al., 2017) . Therefore, we analysed the seeds in developing siliques of pdm3 heterozygous plants. Figure 3A , B shows that the siliques of heterozygous plants contained both white and green seeds, whereas the seeds in developing siliques of wildtype plants were all green. Statistical analysis showed that the segregation ratio of the green and white seeds in siliques was close to 3:1 (data not shown), suggesting that the pdm3 is a single recessive mutant. Moreover, with the purpose of determining whether embryonic development in pdm3 mutants was arrested, we examined the embryos from these white and green seeds in the pdm3 heterozygous mutants from a developmental series of siliques using differential interference contrast (DIC) light microscopy. Assessment of cleared seeds in the same silique indicated that the development of wild-type and heterozygous seeds underwent well-defined developmental stages (Fig. 3C-G) , whereas development of embryos in the homozygous seeds was delayed, especially during the globular-to-heart stage ( Fig. 3H-L) . After the immunoblot analysis, X-ray films were scanned and analysed using an Alpha Imager 2200 documentation and analysis system. The related protein contents (per unit of total protein) were determined and compared. Error bars represent standard errors. The wild-type protein level was set to 100 and the relative protein level of pdm3 mutants was obtained.
The PDM3 gene expression pattern
To investigate the expression pattern of the PDM3 gene in Arabidopsis, we performed RT-PCR analysis. This analysis revealed that among the organs tested, PDM3 expression was widely detected in the root, stem, leaf, flower, silique, and bud of the 7-week-old plants as well as in the whole 3-day-old seedlings. The highest expression was observed in 3-day-old seedling ( Fig. 4A) , consistent with the results of quantitative real-time RT-PCR (Fig. 4B) . The relatively high expression in young seedlings, wherein the process of chloroplast differentiation occurs very actively, indicates a possible function of the PDM3 gene in early chloroplast biogenesis. To further evaluate the expression of PDM3, we also generated transgenic plants containing a PDM3 promoter β-glucuronidase fusion (pPDM3:GUS; Fig. 4C-I) . The tissue-specific expression patterns of PDM3 were investigated using a histochemical assay for GUS activity. GUS staining for transgenic lines showed that GUS activity was detected widely in all tissues of plants, especially in the cotyledon of young seedlings. Altogether, these results showed that PDM3 was widely expressed in the whole plant indicating its essential role in plant development, and the expression pattern was in agreement with its roles in chloroplast biogenesis at an early stage.
PDM3 encodes a chloroplast-localized PPR protein
The PDM3 gene encodes a polypeptide of 678 amino acids with a putative chloroplast transit peptide of 64 amino acids at its N terminus (Fig. 5A) , as predicted by two programs, TargetP 1.1 and ChloroP 1.1. BLAST searches revealed that PDM3 is a member of the PPR protein family, which contains 12 PPR or PPR-like motifs (Fig. 5A ). In addition, based on the classification of PPR proteins (Lurin et al., 2004; Rivals et al., 2006) , PDM3 belongs to the P subfamily. Searches in multiple databases were performed to identify PDM3 homologs in various plant species. PDM3 exhibits a high level of similarity in Vitis vinifera (XP_002276556, 82.42%), Populus trichocarpa (Potri.017G075700, 82.00%), Glycine max (Glyma.11G256300.1, 79.39% similarity), and Aquilegia coerulea (Aqcoe3G319700.1, 77.23%), while showing a low level in Volvox carteri (Vocar.0001s1331.1, 25.57%; Fig. 5A ). To further explore the relationship of PDM3 with other family members, the phylogenetic tree (www.phylogeny.fr) of the closest sequences from Fig. 5A was constructed (Fig. 5B) . The phylogenetic tree revealed that PDM3-like genes were present in green plants including dicots, monocots, gymnosperms, ferns, mosses, and algae (Fig. 5B) .
To investigate the subcellular distribution of PDM3 protein, a construct containing 35S:PDM3-GFP was transformed into Arabidopsis protoplasts. Transient expression showed that the fusion proteins were exclusive to chloroplasts and co-localized with chlorophyll (Fig. 5C ). To further confirm the location of PDM3 within chloroplasts, intact chloroplasts from the transgenic plants with FLAG-tagged PDM3 were isolated and fractionated, and the proteins in different fractions were separated by SDS-PAGE followed by immunoblot analysis. Figure 5D shows that the FLAG-tagged PDM3 is mostly detected in the stroma and faintly in the envelope, but not in the thylakoid membrane fraction.
Levels of chloroplast-encoded gene transcripts in pdm3
The expression of plastid-encoded genes is tightly linked with chloroplast developmental status, and their expressions are generally dependent on the activity of two RNA polymerases from different origins, PEP and NEP (Hedtke et al., 1997) . Accordingly, plastidic genes are divided into three types: class I genes are predominantly transcribed by PEP, class II genes are transcribed by both NEP and PEP, and class III genes are exclusively transcribed by NEP. To assess the possibility that transcript levels of plastid-encoded genes may be observed with the disrupted chloroplast development in pdm3 mutants, we compared the transcript profiles of various chloroplast-encoded genes between 3-week-old wild-type and pdm3 by quantitative real-time PCR (Fig. 6) . The six genes psaA, psbA, psbB, petB, ndhA, and rbcL were selected as representatives of PEP-dependent genes (class I), and the results showed that the transcript levels of these genes were markedly reduced in pdm3 mutants (Fig. 6A) . To confirm these results, the total RNA extracted from the wild-type plant and pdm3 was subjected to denaturating agarose gel electrophoresis (Fig. 6B) . Ethidium bromide staining indicated that the signal intensities of the 1.5-kb RNA corresponding to chloroplast 16S rRNA and 1.1-kb RNA corresponding to a breakdown product of the chloroplast 23S (23S*) rRNA were reduced to a low level in the pdm3 mutants compared with those of the wild-type plants (Fig. 6B) . Thus, the accumulation of chloroplast rRNA was seriously affected in pdm3 mutants. Next, we carried out northern blot analysis of the selected six genes with sequence-specific labeled probes. The steady-state levels of transcripts were incompletely coincidental with the quantitative real-time PCR analysis (Fig. 6C) . In addition to the difference in transcript levels, the banding patterns of these gene transcripts in pdm3 were similar to those of the wild-type. In contrast, the transcript levels of the plastid genes, including the accD, ycf2, rps18, rpoA, rpoB, rpoC1, and rpoC2, which were chosen as the representatives of NEP-dependent genes (class III), all increased in pdm3 mutants (Fig. 6D) . In particular, the transcript levels of genes encoded by the core subunits of the NEP (rpoA, rpoB, rpoC1, and rpoC2) were several-fold higher in pdm3 plants than those in the wild-type plants (Fig. 6D) . The contents of rpoA and rpoB were also confirmed by northern blot analysis and quantitative real-time PCR analysis (Fig. 6C) . However, among the representative class II genes transcribed by either NEP or PEP, rrn16s, rrn23s, and atpB showed reduced transcript levels, but ndhF presented an increased level in pdm3 plants (Fig. 6E ). This result is comparable to denaturing agarose gel analysis although it did not fully coincide with those results (Fig. 6B) .
To test whether the increased transcripts of rpoB led to an increase in the corresponding proteins comparably, RpoB protein in the pdm3 mutant was compared with that of the wild-type using western-blot analysis. The pdm3 mutant showed a dramatically reduced level of RpoB when compared with that of the wild-type (Fig. 6F) . This result suggests that pdm3 mutants have a disrupted PEP complex.
Transcript levels of nuclear-encoded genes related to photosynthesis in pdm3
To extensively explore the function of PDM3 in Arabidopsis, we carried out transcriptome analysis to compare the The amino acid sequence of PDM3 was aligned to homologous proteins from different species using ClustalW 2.0 (Larkin et al. 2007) . The putative cleavage site of the transit peptide in PDM3 is indicated by an inverted triangle. Lines above the sequences show the predicted P-or PPR-like motifs. The related amino acid sequences and similarity (%) compared with PDM3 are given in Supplementary Table S2 . (B) Phylogenetic tree of PDM3 and the 10 closest PPR family members from (A). Maximum likelihood (ML) tree was inferred with RAxML (version 7.2.8) using the PROTGAMMALGF model. The numbers on the branches refer to the bootstrap values (%) for 1000 replications and the scale bar at the bottom indicates units of amino acid substitutions per site. Complete deletion was adopted for the treatment of gaps and missing data. (C) Localization of the PDM3 protein within the chloroplast by using the GFP assay. PDM3-GFP, PDM3-GFP fusion construction; Chl, chlorophyll. Scale bar: 5 µm. (D) Immunolocalization of PDM3. Intact chloroplasts were isolated from the leaves of FLAG-tagged complemented Arabidopsis, and then separated into envelope, stroma, and thylakoid membrane fractions. Antisera were used against FLAG, the integral thylakoid membrane protein CP47, the integral inner envelope membrane protein Tic110, and abundant stroma protein RbcL. (This figure is available in color at JXB online.) differentially expressed genes between pdm3 and wild-type plants. Interestingly, many genes involved in photosynthesis and chlorophyll biosynthesis were drastically down-regulated in pdm3. Most of them were nuclear-encoded genes, consisting of 26 genes encoding subunits of PSI or II, five genes encoding subunits of ATPase, 21 genes encoding chlorophyll a/b-binding proteins, and 14 genes encoding proteins involved in chlorophyll biosynthesis (Fig. 7A,  Supplementary Table S3 ). Note that the expressions of chloroplast-encoded genes, including psbA, psbC, psbM, atpB, atpE, were also reduced in the pdm3 mutant (Fig. 7A,  Supplementary Table S3 ). Five micrograms of total RNA from 2-week-old wild-type (WT) and pdm3 seedlings was separated on a denaturing gel. 23S* is the breakdown product of the chloroplast 23S rRNA. rRNA was quantified using ImageJ software (US National Institutes of Health). The value of cytoplasmic 25S rRNA was set to 100, and the relative values of other RNAs were obtained by compared with 25S rRNA. (C) RNA gel-blot hybridization with total RNA from the leaves of WT and pdm3 mutants. Preparations (5 μg) of total RNA from 3-weekold WT and pdm3 mutants were size fractionated by agarose gel electrophoresis, transferred to a nylon membrane, and probed with 32 P-labeled cDNA probes for psaA, psbA, psbB, petB, ndhA, rbcL, rpoA, rpoB, and 18S rRNA. (D) The expression levels of nuclear-encoded polymerase (NEP)-dependent chloroplast genes between the WT and pdm3 plants. (E) The expression levels of both PEP-and NEP-dependent chloroplast genes between the WT and pdm3 mutants. The vertical axis indicates the relative expression level. (F) Western blot analysis of the accumulation of RpoB protein in pdm3 mutant. Total protein (100 μg or the indicated dilution of the wild-type sample) from 3-week-old seedlings was loaded per lane. Actin was used as a loading control. (This figure is available in color at JXB online.)
In addition, we performed real-time RT-PCR analysis on a selection of the down-regulated genes to verify the transcript levels of these differential genes in the pdm3 mutant. Consistent with the transcriptome analysis, genes related to photosynthesis and chlorophyll biosynthesis were down-regulated in the mutant (Fig. 7B, C) . These results indicated that RNA-Seq and RT-qPCR data were consistent in quantifying the changes in expression levels (fold difference) between the wild-type and the pdm3 mutant (Fig. 7B, C) , and collectively, PDM3 is required for the expression of genes involved in photosynthesis and chlorophyll biosynthesis.
The RNA splicing in the pdm3 mutant Many PPR proteins that have been characterized are involved in RNA splicing within organelles (Beick et al., 2008; Barkan and Small, 2014) . To determine whether PDM3 influences the splicing of the group II intron in the chloroplast, some splicing events were assayed in the pdm3 mutant by performing RT-PCR with the gene-specific primers (Supplementary Table  S1 ). Compared with wild-type plants, several spliced RNAs, trnL, petD, accumulated to an increased level in the pdm3 mutant; in contrast, the unspliced precursors of ndhB, clpP-1, and trnA increased (Fig. 8A) . No significant difference in the splicing of rps12-1 was observed between the pdm3 mutant and wildtype plants (Fig. 8A) . We further confirmed the results using northern blot analysis. The unspliced precursor of ndhB and clpP-1 was present in pdm3 and absent in the wild-type plants (Fig. 8B) . These results provided evidence that PDM3 is involved in RNA splicing in chloroplasts.
Discussion
A large portion of the lethal mutant genes in seedlings are known to cause defects in chloroplast function or development, suggesting that the development of functional chloroplasts is closely related to successful plant growth and development (Meinke et al., 2003 (Meinke et al., , 2008 Waters and Langdale, 2009) . Here, we show that a PPR protein, PDM3, is required for chloroplast development in early leaves of seedlings, and disruption of its function causes a seedling stage-specific albino phenotype. Although pdm3 mutants could grow through the vegetative stage and even produce inflorescences on a medium with sucrose, they remain infertile. Thus, the visible phenotype of pdm3 mutants and complementation analysis with the PDM3 gene indicate that PDM3 is essential for normal plant growth and development.
Electron microscopic analysis revealed that the pigmentdefective and seedling-lethal phenotype of pdm3 mutants was a result of defects in chloroplast development. In the pdm3 mutant, the ultrastructure of the chloroplasts exhibited abnormal morphology and the leaf of pdm3 contained undeveloped plastids with poorly developed grana (Fig. 5B) . Similar phenotypes were observed in previous studies related to PEP-associated proteins (PAPs) and plastid transcriptionally active chromosome proteins (pTACs; Pfalz et al., Fig. 7 . Transcript levels of photosynthesis-related genes in pdm3 mutants. (A) The bar represents the fold-changes in mRNA expression levels of each gene in the pdm3 mutant relative to wild-type. The log 2 fold change of gene expression in the wild-type versus pdm3 mutant is shown in gradual white to blue (levels in wild-type are set to 1). The bar is linked by a dendrogram representing clustering of transcriptomic data (left side). All genes in this list have a P-value for differential expression <10 2006; Steiner et al., 2011) . Like many PPR proteins, PDM3 is predicted to be a chloroplast protein that belongs to the P-type subgroup. We have confirmed that PDM3 is targeted to chloroplasts by reporter and fractionation experiments (Fig. 5C, D) . The genomic organization of the PDM3 gene showed that it had only one exon for its coding sequence, supporting the report of Lurin et al. (2004) showing that 80% of the Arabidopsis PPR genes contain only one exon. Our expression analysis suggested that the PDM3 gene is highly expressed in the cotyledons and seedlings (Fig. 4) . Acting in the chloroplast, PDM3 could potentially affect organelle biogenesis or any number of essential biosynthetic or metabolic processes based there, disruption of which could lead to the observed early developmental arrest. Consistent with this, the pdm3 phenotype resembles those of other Arabidopsis emb mutants that are defective in plastid proteins, such as pdm1/sel1 and pdm2, which are also arrested at the globular stage (Despres et al., 2001; Du et al., 2017) . Thus, our work related to PDM3 provides more support for the view that plastids are essential for organismal viability well before plants gain photosynthetic competence.
An analysis of plastid gene expression revealed that the transcript levels of PEP-dependent genes were dramatically reduced in pdm3 plants, whereas those of NEP-dependent genes were increased or unchanged (Fig. 6 ). These findings suggest that pdm3 mutant plants are severely impaired in PEP activity and that PDM3 plays an important role in the regulation of plastid gene expression. Thus, it seems likely that the early arrest of chloroplast development in pdm3 mutants is a result of the reduced PEP activity. The pdm3 mutant shows many similarities in molecular phenotypes, including transcript pattern and accumulation, and expression profiles of plastid genes to other PEP-related mutants (Pfalz et al., 2006; Zhou et al., 2009; Chateigner-Boutin et al., 2011; Steiner et al., 2011) . Nevertheless, the molecular function of PDM3 currently remains elusive. However, PDM3 is obviously required for the proper expression of plastid genes. Thus, it is possible that PDM3 is involved in the control of PEP activity as a component of nucleoid proteins such as pTACs or PAPs, and is required for proper plastid gene expression and normal chloroplast development.
In pdm3, steady-state mRNA levels of NEP-transcribed genes (e.g. rpoA, rpoB, rpoC1, rpoC2, clpP, ycf1, ycf2 , and some ribosomal protein genes) increased, whereas the abundance of PEP-transcribed transcripts (e.g. rbcL, psaA, psaB, and psbA genes) decreased when compared with the wildtype plants (Fig. 6 ). This type of molecular phenotype has been observed in ys1 (Zhou et al., 2009 ), clb19 (ChateignerBoutin et al., 2008 , dg1 (Chi et al., 2008) , ptac (Pfalz et al., 2006) , rpo, pdm1, and pdm2, all of which are mutants that do not accumulate PEP complex (Silhavy and Maliga, 1998; De Santis-Maciossek et al., 1999; Krause et al., 2000; Legen et al., 2002; Pyo et al., 2013; Du et al., 2017) . The decreased accumulation of PEP-dependent transcripts can probably be attributed to the following three causes. In addition to the chloroplast-encoded catalytic core subunits, PEP is a multisubunit (bacterial-type) polymerase, which contains extra polypeptides because PEP interacts with transcriptionally active chloroplast chromosomes (Pfalz et al., 2006) . In pdm3 mutant, the protein level of RpoB is significantly decreased when compared with the wild-type (Fig. 6F ). This suggests that protein biosynthesis is defective in the pdm3 chloroplasts, leading to a reduction in the amount of PEP complex. Thus, PDM3 may be involved in the regulation of PEP transcription machinery by associating with PEP components. Another possible explanation for the reduced levels of PEP-dependent transcripts is that the stability of the transcripts may be lower, or that the rate of mRNA turnover is enhanced in them. In fact, a number of nuclear-encoded factors that affect the stability of chloroplast gene transcripts have been identified. For example, in Chlamydomonas, a 140 kDa tetratricopeptide repeat protein, Nac2, is strictly required for the stabilization of psbD transcripts via a large protein complex that is associated with RNA (Boudreau et al., 2000) . Finally, it is also possible that the reduced levels of PEP-dependent transcripts in pdm3 mutant are a result of inefficient assembly of the plastid ribosome; this, for example, may occur because only limited translation initiation or translation of PEP subunits occurs, and this may account for reduced level of PEP activities in ribosome-deficient mutants (Hess et al., 1993;  Zubko and Day, 2002). The molecular phenotypes in pdm3 could be explained by defects in translation or PEP activity. Because the accumulation of chloroplast rRNAs is significantly reduced, the function of the chloroplast ribosome may be compromised in pdm3. A defect in the ribosome will directly affect the translation of chloroplast proteins and cause a global effect on chloroplast gene expression. Nevertheless, more research will be required to unravel the exact molecular mechanism of PDM3.
Plastid genes in Arabidopsis contain 21 introns, and de Longevialle et al. (2010) have reported that many proteins were involved in plastid intron splicing. In the present study, we found that disruption of PDM3 also affects the splicing of ndhB, clpP-1, and trnA transcripts, and to our surprise, the pdm3 mutant can improve the splicing efficiency of several plastid introns (Fig. 8A, B) . Hammani and Barkan (2014) reported that plastid ribosome deficiency can cause a pleiotropic effect on the splicing of plastid introns. In pdm1, the quantity of chloroplast ribosomes is reduced affecting the splicing efficiency of some plastid introns (Pyo et al., 2013; Zhang et al., 2015) . Thus, just like pdm1, it is likely that the detected splicing defects in pdm3 are a result of the dysfunction of ribosomes. In pdm3, the reduced levels of chloroplast ribosomes were detected both by agarose gel electrophoresis and real-time RT-PCR analysis (Fig. 6B, E) . This result can be attributed to defects in ribosome assembly or pre-rRNA processing in the pdm3 mutant. In fact, ribosome assembly and pre-rRNA processing are intimately linked (Schmitz-Linneweber et al., 2006) . For this reason, processing defects are frequently found in mutants with primary lesions in ribosome assembly. Therefore, the aberrant processing and maturation of chloroplast rRNA in the pdm3 mutant may result from a defect in ribosomal assembly. For example, in the rh22 mutant, the 23S rRNA-processing defect might be a consequence of incomplete 50S subunit assembly, where RH22 functions by interacting with the 50S ribosomal protein RPL24 (Chi et al., 2012) .
In addition to plastid-encoded genes, nuclear-encoded LHC and CHL genes were strongly down-regulated in pdm3 ( Fig. 7A-C; Supplementary Table S3 ). Down-regulation of photosynthesis-associated nuclear genes has also been reported in some defective mutants in chloroplast biogenesis (Chi et al., 2013) . It is proposed that, when the development of the chloroplast is blocked, expression of some nuclear-encoded genes is repressed through GENOMES UNCOUPLED1 (GUN1) mediated plastid-to-nucleus retrograde signaling. Given that nuclear genes were targets of plastid signaling related to chloroplast biogenesis, down-regulation of such genes in pdm3 may shed light on the regulation mechanisms of the development of the chloroplast.
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